Abstract: Free fatty acids (FFAs) serve not only as nutrients that provide energy but also as extracellular signaling molecules that manipulate intracellular physiological events through FFA receptors (FFARs) such as FFAR4. FFAR4 is also known as G-protein coupled receptor 120 (GPR120). The main role of GPR120 is to elicit FFA regulation on metabolism homeostasis. GPR120 agonism correlates with prevention of the occurrence and development of metabolic disorders such as obesity and diabetes. GPR120 activation directly or indirectly inhibits inflammation, modulates hormone secretion from the gastrointestinal tract and pancreas, and regulates lipid and/or glucose metabolism in adipose, liver, and muscle tissues, which may help prevent obesity and diabetes. This review summarizes recent advances in physiological roles of GPR120 in preventing insulin resistance and protecting pancreatic islet function, and examines how resident GPR120 in the pancreas may be involved in modulating pancreatic islet function.
Introduction
Metabolic diseases, such as obesity and type 2 diabetes mellitus (T2DM), are ever increasing in prevalence. 1, 2 Hence, researchers are working to develop pharmaceutical treatments that can alleviate these conditions. In this regard, G-protein coupled receptor 120 (GPR120), which plays important roles in regulating energy metabolism and eliciting anti-inflammatory effects, is an attractive target for diabetes treatments, in particular.
Binding of GPR120 by ω-3 fatty acids (ω-3 FAs) results in various physiological activities that have a stabilizing effect on metabolic homeostasis and may help prevent diabetes. 3, 4 Patients with T2DM exhibit insufficient pancreatic insulin secretion and insulin resistance in adipose, liver, and muscle; insulin resistance correlates with abnormal energy metabolism, such as a sequela of hepatic steatosis.
5 GPR120 activation relieves insulin resistance by enabling adipogenesis in adipose tissue and thereby maintaining a lipid metabolism balance between adipose and liver tissues.
suggests that GPR120 could be targeted as an anti-diabetic treatment. However, it is not known yet whether pancreatic GPR120 has a role in direct modulatory effects on pancreatic and islet function.
In this review, we first describe the structure, tissue distribution, and agonists of GPR120. We then summarize advances in research on the roles of GPR120 in modulating physiological activities in the gastrointestinal tract and tongue, and in influencing the cellular activities of adipocytes and macrophages. Next, we discuss how GPR120 activation may maintain insulin sensitivity and indirectly promote pancreatic islet function. Finally, in light of evidence suggesting that pancreatic GPR120 stimulation might regulate islet function directly, 15, 16 we examine the potential mechanism by which local pancreatic GPR120 may modulate islet function.
Structure and distribution of GPR120 Structure
Human GPR120 has two splice variants, a short isoform (NM_181745) and a long isoform (BC101175) with 16 additional amino acids in the third intracellular loop. 17 Both isoforms are phosphorylated similarly in the presence of ω-3 FAs, and both recruit β-arrestin-2 readily and undergo internalization, 17, 18 while the longer intracellular loop of the long isoform prevents G-protein-dependent intracellular calcium mobilization. 18 Rat, mouse, and cynomolgus monkey have a GPR120 genetic sequence comprised of a single 1,086 nucleotide sequence encoding a protein that is 361 amino acids long. 17, 19 Not surprisingly, the cynomolgus monkey's complementary DNA (cDNA) for GPR120 has higher homology with human GPR120 long isoform than does the mouse or rat genes. 19 Similar to other G protein-coupled receptors (GPCRs), GPR120 contains an extracellular N-terminal domain, seven transmembrane domains, and an intracellular C-terminal domain. 13, 18, 20, 21 Both N-terminal and transmembrane domains may mediate interaction between GPCRs and their ligands. It has been identified that Arg99 in the transmembrane domain II of GPR120 is an essential residue for binding GPR120 to its ligands. 20, 22, 23 The intracellular C-terminal region of GPR120 is important for its interaction with G-protein or scaffold protein, such as β-arrestin-2. It has been demonstrated that there are several putative β-arrestin-2-binding motifs in the C-terminal domain of GPR120. 24 It is noteworthy that the C-terminal fusion of tag or protein (such as hemagglutinin, enhanced yellow fluorescent protein, and Gα16) does not impair the biological function of GPR120. 11, 20, 25 Until now, the spatial structure of GPR120 has not been identified. 23 To develop selective GPR120 agonists, researchers have thus constructed GPR120 homology model by utilizing the crystal structure of other GPCRs, such as the β2-adrenoceptor and bovine rhodopsin. 20, 22, 23 
Distribution
Expression of GPR120 differs between species (Table 1) . In the rat, the highest expression of GPR120 was found in the colon, whereas in mouse and human, the highest GPR120 expression is found in the lung. 11, 13 Beyond the lung, GPR120 is expressed mainly in tissues and cells related to energy metabolism, such as the gastrointestinal tract, tongue, and adipose tissue. Various macrophages also express high levels of GPR120.
GPR120 expression has been confirmed in mouse intestinal endocrine cell lines (STC-1 and GLUTag), mouse intestinal glucose-dependent insulinotropic polypeptide (GIP)-secreting K-cells and human colorectal carcinoma tissue.
11,26-28 GPR120 colocalizes with GLP-1 in mouse large intestine epithelial cells and human colonic intraepithelial neuroendocrine cells.
11,29 GPR120 expression is also detected in mouse gastric ghrelinoma cell lines (MGN3-1 and SG-1), and it colocalizes with ghrelin in stomach ghrelin-secreting cells. [30] [31] [32] It is also expressed in taste bud cells (TBCs) of circumvallate, fungiform, and foliate papillae in rat, mouse, and human. [33] [34] [35] [36] [37] [38] GPR120 has been reported to be co-expressed with phospholipase-Cβ2 (PLCβ2), α-gustducin, transient receptor potential channel type M5 (TRPM5), and GLP-1 in mouse TBCs of circumvallate papillae, indicating that it is mainly in type II TBCs. [34] [35] [36] In addition, GPR120 also colocalizes with cluster of differentiation 36 (CD36) in mouse and human TBCs. 36, 37 Interestingly, Ozdener et al showed that human GPR120 and CD36 have non-overlapping roles in TBC signaling during oro-gustatory perception of dietary lipids.
37
GPR120 messenger RNA (mRNA) has been detected in mouse islets, the murine pancreatic β-cell lines (MIN6, INS-1 and BRIN-BD11), and human pancreas and islets. 15, 16, 39, 40 However, others have reported no, or negligible, expression of GPR120 in MIN6 cells and rat pancreas. 11, 13 Thus, GPR120 expression in murine pancreatic islets and β-cells needs to be further confirmed. Negligible GPR120 expression has been detected in mouse soleus and extensor digitorum longus (EDL) skeletal muscle, 3 but GPR120 mRNA levels in cardiac muscle and EDL skeletal muscle of Sprague Dawley rats can be increased by feeding with a high fat diet (HFD).
41 GPR120 is also expressed in various mouse white adipose tissues, including subcutaneous, perineal, mesenteric and epididymal adipose, and GPR120 mRNA expression in mouse adipose tis- 
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Notes: The tissue distribution is classed as follows: N = not reported; + = presence; − = absence. The colocalization of GPR120 with ghrelin is in the duodenum; b the expression of GPR120 in the MiN6 cell line is controversial; c skeletal muscle. Abbreviations: CC10, Clara cells expressed the Clara cell 10-kDa protein; GOC, gastric oxyntic cell; TBC, taste bud cell; TRPM5, transient receptor potential channel type M5; CD36, cluster of differentiation 36; GLP-1, glucagon-like peptide-1; PLC, phospholipase-C; H, human; M, mouse; R, rat; CM, cynomolgus monkey; GPR120, G-protein coupled receptor 120; 3T3-L1, mouse embryonic fibroblast -adipose like cell line; L cell, intestinal; enteroendocrine cell; K cell, intestinal enteroendocrine cell; Kupffer cell, hepatic fixed macrophage; MIN6, mouse pancreatic β cell line; iNS-1, rat pancreatic β cell line; BRiN-BD11, rat insulin-secreting cell line; SG-1, stomach ghrelinoma cell line; MGN3-1, mouse gastric ghrelinoma cell line.
sues can also be upregulated with HFD feeding. 40 In addition, it has been shown that the differentiated human adipocytes have greater GPR120 mRNA levels than preadipocytes. 40 These findings suggest that expression level of GPR120 is associated with lipid metabolism and adipogenesis. GPR120 expression is also identified in macrophages, such as mouse bone marrow-derived macrophages and intraperitoneal macrophages. 3 In liver, GPR120 expression is limited to resident macrophages (Kupffer cells [KCs] ) and its expression can be increased significantly in macrophages of adipose and liver by HFD-feeding in mice. 3, 9 
GPR120 signaling
In gastrointestinal cells, TBCs, and adipocytes, agoniststimulated GPR120 interacts with G αq/11 , a heterotrimeric G-protein, 14, 37 11, 13, 14 it can also activate phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), which further induces glucose transporter 4 (GLUT4) translocation to cell membranes in adipocytes, 3 provokes tumor progression of colorectal carcinoma (CRC) cells, 27 inhibits gastric ghrelin secretion, 31, 32 and elicits an antiapoptotic effect in STC-1. 42 The mechanism(s) by which GPR120 stimulation regulates these physiological and pathological events is summarized in Figure 1 .
When stimulated by extracellular ω-3 FA ligands, GPR120 on the cell surface can be phosphorylated by kinases, leading to the increase in affinity of GPR120 intracellular domain to scaffold protein β-arrestin-2. Once GPR120 is bound to β-arrestin-2, the G-protein coupling to GPR120 is prevented, and then GPR120-β-arrestin-2 complex is internalized to the cytoplasm where downstream signaling can proceed. 3, 18 Thus far, all anti-inflammatory effects of GPR120 ligands on macrophages appear to be mediated by GPR120-β-arrestin-2 signaling. 3, 7, 8 The activation of this signaling can inhibit production of pro-inflammatory factors -such as monocyte chemotactic protein-1 (MCP-1), cyclooxygenase-2 Figure 2 summarizes the mechanism by which GPR120 activation elicits anti-inflammatory effects in various macrophages and adipocytes.
GPR120 agonists Natural agonists
Unsaturated free fatty acids (FFAs) with a chain length of 16-22 carbons and saturated FFAs of 14-18 carbons have been identified as ligands of GPR120, and the carboxylate anion of these FFAs is indispensable for their activity at GPR120. 11 Upon binding, these FFAs induce internalization of GPR120 into the cytoplasm (as demonstrated by a fluorescent protein marker), provoke an elevation of [Ca 2+ ] i in HEK293 cells and enhance survival of serumstarved STC-1 cells. 11, 42 ω-3, ω-6 and ω-9 FAs belong to unsaturated FFAs, some members of these FAs are GPR120 ligands. ω-3 FAs appear to be more potent than ω-6 and ω-9 FAs in stimulating GPR120.
The ω-3 FAs docosahexaenoic acid (DHA) and α-linolenic acid (ALA) are the most potent and most common GPR120 agonists, 11 but their selectivity is limited in that they interact with GPR40 as well. 22 On the other hand, unlike ω-3 FAs, ω-6 and ω-9 FAs have failed to exert anti-inflammatory effects through GPR120 signaling in human macrophage THP-1 cells, 7 and ω-6 FAs also have failed to attenuate COX-2 expression in RAW 264.7 cells. 8 In terms of pharmaceutical application, it would be desirable to find ligands with selective binding of GPR120 only. Grifolin derivatives (ie, grifolic acid and grifolic acid methyl ether) activate GPR120 selectively, but they are less efficacious than ALA and can inhibit the ALA-induced [Ca 2+ ] i response and extracellular-signal-regulated kinase (ERK) phosphorylation. Thus, they are classified as partial GPR120 agonists with high selectivity. 43 Similar to the situation with other natural GPR120 ligands, 11 carboxyl groups in grifolin derivatives are necessary for GPR120 stimulation. 43 
Synthetic agonists
To develop selective agonists of GPR120 with high potency, homology model of GPR120 was constructed by utilizing the crystal structure of other GPCRs; 20, 22, 23 in this regard, 
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GPR120 and its agonists in the management of diabetes the hydrogen bonds between the carboxylic acid residue of ligands and the guanidine of Arg99 in GPR120 have been found to be essential for the activity of ligands at GPR120. The first synthetic ligand of GPR120, GW9508, was identified by Briscoe et al. 44 However, GW9508 is not selective for GPR120, which restricts its application. NCG21, a peroxisome proliferator-activated receptor-γ (PPAR-γ) agonist derivative, shows high (albeit incomplete) selectivity for GPR120 over GPR40. 22 To investigate the roles of GPR120 in physiological processes, GW9508 and NCG21 can be used with cell lines and tissues that express GPR120 but not GPR40, such as RAW 264.7 cells. 3 Knockdown or knockout of GPR120 can be performed to further verify the involvement of this receptor in biological responses induced by its agonists.
11 GSK137647A, which can stimulate human, mouse, and rat GPR120, has been used to study the role of GPR120 in regulating GLP-1 secretion from mouse TBCs, although the selectivity of this agonist is not clear. acid] as a GPR120 agonist. This compound has high potency on both human and mouse GPR120 and is a more selective and potent agonist for human GPR120 than ALA, GW9508, or NCG21. 25 However, the selectivity of TUG-891 for mouse GPR120 is still limited, and the potency and selectivity of TUG-891 for rat GPR120 is unknown. Hence, the potential utility of TUG-891 in animal studies may be restricted.
Differences between natural and synthetic agonists of GPR120
In most cases, natural ligands of FFAs, but not synthetic agonists, are chosen to perform ex vivo and in vivo studies to investigate the role of GPR120 in physiological processes. FFAs can activate GPR120 to exhibit their biological activities in cells, tissues, and animals. 3, 4 It is unclear whether the potency of natural and synthetic ligands in GPR120 stimulation is different in tissues and/or animals. Nevertheless, it has been reported that the potency of FFAs and synthetic agonists to activate GPR40 is not identical; in MIN6 cells and mouse islets, FFAs can activate GPR40 to enhance glucosestimulated insulin secretion, while GW9805 only exhibits its 
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Zhang and Leung stimulatory effect on glucose-stimulated insulin secretion in MIN6 cells and not in mouse islets. 44 When using FFAs to study roles of GPR120, it is necessary to manifest the biological responses that are specific for GPR120. As nutrients, FFAs exert their bioactivities through several potential mechanisms. Besides GPCRs, metabolites of FFAs and other FFA-binding proteins, such as long-chain acyl-CoA and PPAR-γ, can also manipulate physiological processes. [45] [46] [47] In contrast, most of the synthetic agonists of GPR120 merely activate GPR120 and GPR40. In view of this, it would be better to select synthetic ligands in order to avoid the interference that could be caused by other factors.
Compared with synthetic ligands, FFAs have other disadvantages. Due to their poor solubility in water, FFAs are bound to the carrier (ie, fatty acid-free bovine serum albumin [BSA]). 45, 48, 49 On the other hand, BSA blunts the potency of FFAs to activate GPCRs, as it can influence interaction between FFAs and GPCRs. 11, 50, 51 Role of GPR120 in regulating cell and tissue functions intestinal cells and tissues incretin secretion GLP-1 and CCK are intestinal incretins; that is, proteins that stimulate pancreatic insulin secretion. [52] [53] [54] GPR120 activation can induce GLP-1 and CCK secretion, which may further regulate pancreatic islet function and β-cell proliferation and survival.
The GPR120 agonists ALA or TUG-891 induce GLP-1 secretion in murine enteroendocrine cell lines (STC-1 and GLUTag) via stimulating GPR120. 11, 13, 14, 25 ALA administration has also been shown to increase plasma GLP-1 levels in mice and rats, and FFA supplementation or incubation increases mouse plasma CCK levels as well as CCK secretion of STC-1 cells. [11] [12] [13] [14] This stimulatory effect of FFAs on GLP-1 and CCK secretion is dependent on a GPR120-mediated rise in [Ca 2+ ] i . 14 FFA-stimulated GPR120 interacts with G αq/11 , leading to activation of PLCβ and generation of inositol trisphosphate, which in turn causes intracellular calcium release from the endoplasmic reticulum (Figure 1 ). This calcium release activates TRPM5, which elicits membrane depolarization via cation influx. The resultant depolarization induces opening of voltage-gated calcium channels, allowing calcium influx, which then promotes secretion of GLP-1 and CCK. 14 Thus far, there has been no direct evidence confirming whether GPR40, which can also be stimulated by FFAs, 11 is involved in FFA-induced CCK and GLP-1 secretion in STC-1 cells. However, GPR40 agonists (ie, AM-1638 and AM-6226) can stimulate GLP-1 secretion from primary rat intestinal cells. 55 It may be that FFAs have a preference for GPR120 over GPR40 on STC-1 cells in the modulation of GLP-1 and CCK secretion.
Long-term ALA supplementation has been shown to promote pancreatic insulin secretion and β-cell proliferation in rats. 13 This finding is highly encouraging, since it suggests that GPR120 may be harnessed for anti-diabetic activities via not only modulation of insulin secretion but also via an effect on β-cell mass. It has been suggested that ALA effects on insulin secretion and β-cell proliferation may involve an indirect effect through GPR120 stimulation of GLP-1 and CCK secretion. 13 However, it is still controversial whether GPR120 is expressed in pancreatic islets/β-cells of mouse and rat. 16 If GPR120 is expressed in rodent islets, it would raise the possibility of these effects being realized through a direct mechanism.
High levels of GPR120 mRNA were detected in primary murine K-cells, and incubation of K-cells with linoleic acid (LA) can increase GIP secretion significantly, suggesting that GPR120 may be involved in the induction of GIP secretion. 26 GIP is an intestinal K-cell-secreting incretin hormone with anti-apoptotic effects on pancreatic β-cells. 26 Thus, it is possible that intestinal GPR120 may mediate an anti-diabetic (anti-apoptotic) effect on β-cells by promoting GIP secretion.
Anti-apoptosis
GPR120 was implicated in LA-induced anti-apoptotic effects in STC-1 cells: LA can enhance cell survival and inhibit caspase-3 activity and DNA fragmentation in nutrient-deprived STC-1 cells. Interestingly, in STC-1 cells, transient transfection with GPR120 cDNA enhances the inhibitory effect of LA on caspase-3 inhibition, but knockdown of GPR120 attenuates LA effect. 42 The potential mechanism is that LA binding to GPR120 leads to activation of two independent pathways, ERK and PI3K-Akt (also known as protein kinase B) signaling, which in turn may mediate anti-apoptotic effects (Figure 1 ). 42 The ERK pathway is associated with growth and differentiation, 56, 57 whereas Akt signaling is involved in cell survival and proliferation. 58 Unsaturated FFAs have been shown to promote proliferation, enhance cell survival, and inhibit apoptosis via activation of ERK and/or PI3K-Akt in two GPR120-expressing human breast cancer cell lines, namely MDA-MB-231 cells and MCF-7 cells. 42, 59, 60 Pancreatic β-cells also undergo apoptosis during the development of diabetes, 61, 62 and activation of ERK and Akt can protect against β-cell apoptosis and increase insulin secretion. 63, 64 Drug Design, Development and Therapy 2014:8 submit your manuscript | www.dovepress.com
Dovepress
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GPR120 and its agonists in the management of diabetes Therefore, it is possible that activation of pancreatic GPR120 may mediate the anti-apoptotic effects of FFAs in diabetic-islet β-cells via induction of ERK and Akt phosphorylation.
Angiogenesis
In human CRC cells and tissues, GPR120 acts as a tumor-promoting factor that augments angiogenesis and migratory capacity. 27 It has been shown that, in human CRC cells and tissues, GPR120 expression is highly inducible and correlates strongly with CRC differentiation and clinical progression. 27 Moreover, in human CRC cell lines (HCT116, SW480) and in an HCT116 xenograft mouse model, GPR120 activation upregulates expression and/or secretion of several pro-angiogenic factors, namely vascular endothelial growth factor, IL-8, prostaglandin E 2 (PGE 2 ) and COX-2. In addition, GPR120 stimulation can also enhance CRC motility and promote epithelial-mesenchymal transition of CRCs. The role of GPR120 in the pro-angiogenic influence has been attributed to GPR120 binding of G αq/11 , leading to a rise in [Ca 2+ ] i and subsequent activation of the PI3K/Akt pathway, which favors activation of IκB kinase (IKK)/nuclear factor (NF)-κB signaling, and subsequent induction of proangiogenic factors (Figure 1 ). 27 It is noteworthy that, although GPR120 stimulation in human CRCs enhance their migratory ability and increase their expression of COX-2, activation of GPR120 in intraperitoneal macrophages reduce macrophage motility and COX-2 expression. 3 These contrasting effects may be due to differential downstream signaling responses being triggered in the different cell lines. In macrophages (RAW 264.7 cell), GPR120 binds β-arrestin-2, leading to inhibition of IKK/ NF-κB and c-Jun N-terminal kinase (JNK)/c-Jun pathways. On the other hand, in CRC cells, stimulated GPR120 binds G αq/11 , which consequently activates the IKK/NF-κB pathway. Hence, GPR120 linkage to intracellular signaling mechanism may be cell-type specific.
Stomach Ghrelin secretion
It has been shown that GPR120, as a receptor of FFAs, is involved in inhibition of secretion of the gastric hormone ghrelin. 31, 32 FFAs have been shown to inhibit ghrelin secretion both in vitro (transgenic cells in which ghrelin carries a fluorescent marker) and in vivo (serum ghrelin levels of mice with pylorus ligation). 31 In addition, Gong et al 32 demonstrated that GPR120 stimulation by GW9508 or ALA reduces intracellular acyl-ghrelin content, inhibits acylghrelin secretion in stomach ghrelinoma cell line (SG-1), and decreases fasting-induced plasma acyl-ghrelin levels of mice. These inhibitory effects have been attributed to GPR120 binding of G αq/11 , leading to phosphorylation of ERK via PLC, which may reduce expression of prohormone convertase 1 (the enzyme that converts proghrelin into ghrelin, which upon octanoylation by ghrelin O-acyltransferase [GOAT] becomes acyl-ghrelin) (Figure 1 ). However, in another ghrelin-producing cell line (MGN3-1), GPR120 was shown to be uninvolved in the inhibitory effect of ALA on ghrelin secretion. 30 Thus, it seems that GPR120 involvement in modulating ghrelin secretion is influenced by cell type, the ligand used, or duration of treatment.
The hormone ghrelin is secreted primarily by stomach cells, and to a far lesser extent by pancreatic cells. 65 It stimulates hunger, appetite, and weight gain. [66] [67] [68] Similar to GLP-1, CCK, and insulin, ghrelin can modulate glucose homeostasis levels, and ghrelin levels can be altered dramatically by food intake. Hence, GPR120 activation could regulate metabolic homeostasis through modulation of stomach ghrelin secretion. 68 Moreover, it has been reported that blockade of pancreatic ghrelin secretion can increase insulin secretion. 69 Given the inhibitory effects of GPR120 activation on stomach ghrelin secretion, 31, 32 it is possible that GPR120 stimulation may promote insulin secretion by repressing pancreatic ghrelin secretion.
Taste buds Taste preference and perception
In human subjects, individuals' overall preference for fatty foods correlates with percentage body fat. That is, relative to lean individuals, obese individuals show, in general, a greater preference for fatty foods. 70, 71 GPR120 is involved in regulating spontaneous preference for fat content in one's diet. Compared with wild-type controls, GPR120 knockout mice exhibit a lower oro-gustatory preference for FFAs and reduced taste nerve responses to several FFAs. 35 Researchers have speculated that decreased GPR120 expression may account for diminished responsiveness to an FFA-rich diet in ghrelin knockout mice and GOAT knockout mice. 72 Taste perception plays a crucial role in modulating food preference and energy homeostasis. GLP-1 signaling can enhance sweet and lipid detection sensitivity. 36, 73 It has been recently reported that lipids can induce GLP-1 secretion in mouse circumvallate papillae and, consequently, regulate taste perception threshold for sweets and lipids via activation of GPR120. 36 FFAs can also induce GLP-1 secretion to modulate fat preference through stimulation of GPR120 in human TBCs 37 through a mechanism that is similar to that which 
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Zhang and Leung occurs in STC-1 cells (Figure 1 ). 14 Differential perception sensitivity for lipids or sweets may affect interest in fat-or carbohydrate-rich food, which may contribute to fat intake and, consequently, affect risk for obesity. 74, 75 According to this model, GPR120-mediated modulation of taste perception in TBCs may alter an individual's susceptibility to obesity. GPR120 activation may increase intake of high-lipid/highsugar foods by upregulating GLP-1-induced of fat and sweet taste sensitivity in TBCs. However, given the important role of other long-chain fatty acid receptors (ie, GPR40 and CD36) in fat taste preference, it seems that GPR120 activation may not be the primary event in fat taste preference signaling. 76, 77 Thus, we cannot predict that upregulation or activation of GPR120 in TBCs would produce increased fat/carbohydrate intake.
Adipose tissues Adipogenesis
GPR120 plays an important role in modulating adipose tissue development and adipocyte differentiation. Liu et al 78 and Oh et al 3 have shown that differentiation of 3T3-L1 cells is associated with increased levels of GPR120 mRNA. Gotoh et al 40 has demonstrated that GPR120 expression in human differentiated adipocytes is much higher than that in human preadipocytes. Ichimura et al 4 has shown that adipogenesis is suppressed in mouse embryonic fibroblast-derived adipocytes from GPR120 knockout mice.
During differentiation of 3T3-L1 cells, mRNA levels of GPR120 are influenced by regulation of PPAR-γ2, a crucial transcription factor in adipose tissue differentiation. 40 In addition, GPR120 knockdown was found to decrease mRNA levels of PPAR-γ2. 40 Moreover, Ichimura et al 4 has demonstrated in adipocytes derived from mouse embryonic fibroblasts of GPR120 knockout mice, adipocyte differentiation marker genes (fatty acid binding protein 4, PPAR-γ, and sterol regulatory element binding protein 1) are reduced. It seems GPR120 may interact with these adipogenesis-related proteins, especially PPAR-γ2, during adipocyte differentiation, although, if so, the specific mechanism has not been clarified. It is noteworthy that, besides its role in differentiation, PPAR-γ is also an important modulator of pancreatic β-cell function, glycometabolism, and lipid metabolism. 79 Given the interactions between GPR120 and PPAR-γ in adipose, it would be of interest to investigate whether GPR120 can regulate islet function and energy metabolism via interaction with PPAR-γ in other tissues, such as pancreas and liver.
Glucose uptake GPR120 is involved in glucose metabolism in adipocytes and adipose tissue via regulation of GLUT4. 3, 78 Oh et al 3 has shown in 3T3-L1 adipocytes and primary adipose tissue the stimulated GPR120 binds G αq/11 , leading to activation of the PI3K/Akt pathway, which in turn causes GLUT4 translocation to the cell membrane and, finally, triggers glucose uptake ( Figure 1 ). Interestingly, GPR120 knockdown can reduce expression of GLUT4 and insulin receptor substrate 1 (IRS1), 78 suggesting that GPR120 dysfunction may impair glucose uptake in adipose tissue.
G αq/11 and IRS1 play crucial, although independent, roles in the activation of the PI3K/Akt/GLUT4 pathway.
3
IRS1 transmits extracellular insulin signals to the cell interior, producing intracellular responses that alter glucose metabolism. Based on the observation that DHA did not stimulate IRS1 phosphorylation, Oh et al 3 speculated that the stimulatory effect of DHA-induced GPR120 activation on GLUT4 translocation in 3T3-L1 adipocytes must be occurring downstream of IRS1. However, Liu et al 78 has shown that IRS1 expression can be decreased by downregulation of GPR120 expression in differentiated 3T3-L1 adipocytes. Hence, although normal GPR120 stimulation may not activate IRS1 to induce GLUT4 translocation, dysfunctional GPR120 can result in a downregulation of IRS1 expression and, thus, repression of insulin signaling, preventing normal induction of GLUT4-regulated glucose uptake.
Macrophages
Anti-inflammation GPR120 activation has been shown to produce antiinflammatory effects in macrophages (RAW 264.7 cells) by repressing activation of IKKβ/NF-κB and JNK/c-Jun signaling, which is induced by toll-like receptor 4 (TLR4) activation or TNF (tumor necrosis factor)-α. This repression can inhibit downstream pro-inflammatory cascades, including induction of MCP-1, TNF-α, IL-6, COX-2, PGE 2 , and microsomal PGE synthase-1 (mPGES-1). 3, 8 The mechanism for this anti-inflammatory effect involves DHA-activated GPR120 binding to scaffolding protein β-arrestin-2; GPR120-β-arrestin-2 complex is then internalized into the cytoplasm and binds TAB1, which in turn blocks TAB1/TAK1 association, induction of downstream pro-inflammatory signaling, and generation of inflammatory products (Figure 2) . 3 It has been demonstrated, in primary rat adipocytes, that GPR120 activation can reverse hyperhomocysteinemia (HHcy)-induced insulin resistance by inhibiting inflammation signaling. 10 HHcy is a condition characterized by abnormally high levels of homocysteine, which correlates 
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GPR120 and its agonists in the management of diabetes with insulin resistance and can elevate risk of death in T2DM. [80] [81] [82] HHcy-induced stress on the endoplasmic reticulum activates JNK phosphorylation, triggers transcription of pro-inflammation markers (eg, MCP-1 and TNF-α) in adipose tissue and plasma, and inhibits Akt activation (shown in primary rat adipocytes); all of which may further exacerbate insulin resistance (Figure 2) . 10 GPR120 likely mediates its anti-inflammatory effects on JNK activation through the β-arrestin-2 signaling pathway mentioned above. 3 In addition, since homocysteine can repress β-arrestin-2 levels, 83 it would be of interest to determine whether GPR120 stimulation might also be involved in anti-inflammatory effects via restoration of β-arrestin-2 expression.
It has been reported that GPR120 expression in liver is limited to resident macrophage KCs, and indeed, GPR120 plays a key role in mediating anti-inflammatory effect in KCs. 9 Hepatic ischemia-reperfusion injury can activate inflammatory signaling in KCs, which is mediated by JNK and NF-κB. [84] [85] [86] GPR120 activation in KCs by agonists (GW9508 and Omegaven ® [Fresenius Kabi, Bad Homburg, Germany], a clinical ω-3 FA-formulation) can provide protection from such reperfusion injury by inhibiting activation of JNK and NF-κB (Figure 2) , which decreases induction of pro-inflammatory cytokines and upregulates expression of hepatoprotective cytokines.
9
GPR120 is also involved in inhibition of inflammasome activation. 7 In bone-marrow-derived macrophages and human THP-1 macrophages, ω-3 FAs suppress activation of the NLRP3/1b inflammasome, leading to inhibition of caspase-1 and IL-1β through activation of GPR120 and GPR40. 7 In this process, β-arrestin-2 functions as the downstream protein of GPR120 and GPR40 to repress inflammasome activation via binding to NLRP3/1b (Figure 2 ). 7 Insulin resistance, a characteristic feature of T2DM, is associated with inflammation in adipose, hepatic, and muscle tissues. Moreover, pancreatic islets themselves also undergo inflammation as the disease progresses. 87, 88 Therefore, given the role of GPR120 in anti-inflammatory effect in macrophages, it seems possible that GPR120 could produce anti-diabetic effects via an anti-inflammatory influence in the above tissues.
GPR120 and its anti-diabetic potential
It has been shown that GPR120 mutations in obese Europeans, named as R270H, are associated with obesity. 4 The p.R270H variant cannot functionally transduce signals of FFAs, and thus FFA-induced Ca 2+ mobilization and GLP-1 secretion have been found to be significantly suppressed in cells expressing this GPR120 variant. 4 This may be one of the reasons why the p.R270H variant of GPR120 is related to obesity in humans. It is noteworthy that the R270H variant is rare in Japanese, suggestive of the ethnic viability in GPR120 variation. 89 Indeed, GPR120 dysfunction is also associated with insulin resistance, the other obesity-related symptoms of metabolic disorder.
insulin sensitivity in adipose, hepatic, and muscle tissues Consumption of a HFD can induce upregulation of GPR120 expression in white adipose, cardiac, and EDL skeletal muscle tissues of mouse or rat. 40, 41 Also, GPR120 is expressed in subcutaneous and omental adipose tissues at higher levels in obese individuals than in lean controls. 4 Thus, it seems that GPR120 expression becomes upregulated to support maintenance of energy metabolism homeostasis (energy uptake, storage, and utilization). If so, a GPR120 deficiency would impair metabolic balance, which could lead to insulin resistance. Indeed, compared with wild-type mice, GPR120 knockout mice exhibit more severe signs of insulin resistance when fed a HFD. Specifically, they exhibit worse glucose intolerance, larger islets, more Ki67-positive cells in the pancreas, reduced expression of insulin-signaling-related genes (IRS1, IRSβ, or IRS2) in white adipose tissue and liver, and impaired insulin-induced Akt phosphorylation in white adipose tissue, liver, and muscle. 4 The notion that GPR120's role as an FA receptor is critical in regulation of energy metabolism homeostasis is supported strongly by the observation that FA administration can enhance muscle and hepatic insulin sensitivity, increase glucose infusion rate, promote hepatic lipid metabolism, and decrease hepatic steatosis in wild-type mice but not GPR120 knockout mice. 3 It has been suggested that a failure to store energy through adipogenesis when excess nutrients are ingested could cause insulin resistance related to an overload of lipids in the liver and muscles. 6, 90, 91 Since FFAs can promote adipogenesis in adipose tissue by activating GPR120, dysfunction of this receptor may lead to a failure of adipocyte differentiation in adipose, resulting in lipid accumulation in the liver. 40, 78 In the absence of functional GPR120, the decreased lipogenesis in adipose with hepatic steatosis and increased lipogenesis in the liver may contribute to the development of insulin resistance. 3, 4 If so, then activation of normal GPR120 by FFAs may facilitate normal lipogenesis in adipose and liver, and thereby perhaps prevent hepatic steatosis and maintain insulin sensitivity. GPR120 might also contribute to metabolic homeostasis via its important role in maintaining normal adipose-liver interactions. GPR120 dysfunction may lead to lipid metabolic disorders due to insufficient production of palmitoleate (C16:1n7), a lipid hormone that modulates metabolic homeostasis and through which adipose interacts with other distant tissues such as liver and muscle. 92 In addition, GPR120 may also contribute to maintenance of metabolic balance by way of GLUT4 translocation in adipocytes. 3 That is, GPR120 dysfunction may downregulate FA-stimulated glucose transmembrane transport in adipose tissues, leading to decreased glucose uptake and utilization.
Aside from any direct effects of GPR120 on lipid and glucose metabolism, GPR120 activation may temper the proinflammatory effects induced by a HFD in mice.
3,4 GPR120 expression is increased markedly in macrophages in adipose and liver in obese mice. 3 Indeed, ω-3 FA administration decreases the expression of M1 pro-inflammatory genes, decreases inflammatory macrophage infiltration in adipose tissue, and increases transcription of M2 anti-inflammatory genes in adipose tissue of HFD mice, but only if they had a functional GPR120 gene. 3 Moreover, ω-3 FA administration inhibits NLRP3 inflammasome activation in HFD mice, leading to reduced caspase-1 activation as well as repressed production of IL-1β, IL-18, TNF-α, and MCP-1, ultimately preventing NLRP3 inflammasome-dependent insulin resistance, which may be due, at least partially, to FA stimulation of GPR120. 7 These findings suggest that FA stimulation of GPR120 in macrophages could inhibit HFD-induced inflammation. Moreover, inflammation can interrupt normal energy metabolism, favoring the pathogenesis of insulin resistance through the inflammatory signaling cascades discussed above. [93] [94] [95] Taken together, in macrophages of adipose tissue and liver (KCs), GPR120 activation by FFAs could inhibit these inflammatory signaling pathways and thereby perhaps reverse insulin resistance. In contrast, under conditions of GPR120 dysfunction, deficiency of such protective anti-inflammatory effects may leave tissue vulnerable to the development of insulin resistance. This possibility is supported by findings that mice with a GPR120 deficiency that are fed a HFD lose the benefit of FA stimulation -such as reduction of IL-1β in adipose -leading to a resultant decrease in IRS1 and leaving the mice susceptible to worsening insulin resistance (Figure 2 ). 4, 96 Oh et al 3 concluded that FFAs can enhance the insulin sensitivity of skeletal muscle in HFD mice by exerting anti-inflammatory effects. However, GPR120 expression in muscle is negligible, and there has been little evidence to date indicating that GPR120 mediates direct anti-inflammatory effects in muscle macrophages. Since activation of inflammation in adipose macrophages is an inducing factor for insulin resistance in muscle tissue, 97 GPR120-mediated anti-inflammation in adipose tissue might also be able to relieve insulin resistance in muscle to some extent.
Although insulin resistance is considered to be one of the T2DM features, some researchers propose that insulin resistance might be also linked with development of type 1 diabetes as well. [98] [99] [100] Given the important roles of GPR120 in the prevention of insulin resistance, it appears that GPR120 activation might also be beneficial for the management of type 1 diabetes.
Pancreatic islet and β-cell function intestinal hormone secretion GPR120 could affect pancreatic islet function through modulation of GLP-1, CCK, and GIP secretion from the intestinal tract. The β-cell dysfunction and loss of β-cell mass that occur as diabetes progresses could cause insufficient pancreatic insulin secretion. GPR120 activation can increase intestinal secretion of CCK and GLP-1, two incretins that promote pancreatic insulin secretion. In addition, since CCK and GLP-1 can also increase β-cell survival, stimulate proliferation of β-cells and improve β-cell function, [101] [102] [103] [104] it seems possible that induction of CCK and GLP-1 secretion by GPR120 activation could expand β-cell mass and support β-cell function. Moreover, the intestinal hormone GIP, which also can promote β-cell survival, 105 may be another target for enhancement of β-cell mass through GPR120 activation. 26 
Resident GPR120 in pancreatic islets
Modulation of gastrointestinal hormone secretion by GPR120 activation is an indirect way of regulating pancreatic islet function. Meanwhile, GPR120 stimulation in pancreatic islets may manipulate islet function directly. Although it remains controversial whether GPR120 is expressed in rodent pancreas, some researchers have detected GPR120 in mouse pancreatic islets, as well as in MIN6 β-cells, and thus have predicted that it may be involved in FFA-induced regulation of pancreatic islet function. 16, 39 GPR120 activation may affect pancreatic physiology through regulating function of the pancreatic α-cell, which is best known for its glucagon-secreting function. Whalley et al observed GPR120 expression in a murine pancreatic α-cell line (αTC1-6), and they further showed that αTC1-6 cells can secrete GLP-1 and express prohormone convertase 1, which 
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GPR120 and its agonists in the management of diabetes cleaves proglucagon into GLP-1. 106 They demonstrated that GPR120 agonism can stimulate GLP-1 secretion and inhibit glucagon secretion in αTC1-6 cells. 106 Furthermore, the same group showed that these cells secrete more GLP-1 under diabetic (high-glucose) conditions. To test whether such GLP-1 secretion is induced via GPR120 agonism, further studies are needed to determine whether genetic knockdown or knockout of GPR120 could attenuate or abolish induction of GLP-1 secretion in the presence or absence of a high concentration of glucose.
In human islets, GPR120 expression is associated positively with insulin secretion and insulin content but negatively with hemoglobin A1c percentage, and pancreatic islets from hyperglycemic or diabetic patients have reduced GPR120 expression compared with healthy individuals. 15 These observations suggest that human pancreatic insulin secretion correlates with islet GPR120 expression. GPR120 expressed in pancreatic islets may be involved in FAstimulated insulin secretion from β-cells. Although GPR40 has been demonstrated to mediate FA-induced stimulation on insulin secretion directly, 48 ,50 it appears to account for only about half of FA-stimulated insulin secretion in mice. 48 Furthermore, GPR120 can mediate FA-stimulated elevation of [Ca 2+ ] i in intestinal cells, an important event in triggering insulin secretion. 14, 107 Taken together, these findings suggest that pancreatic GPR120 may have a direct role in regulating insulin secretion from β-cells.
Since GPR120 can mediate inhibition of ghrelin secretion from the stomach, it raises the possibility that GPR120 may also inhibit ghrelin secretion from epsilon cells in pancreatic islets. 94, 95 And it is encouraging that, Dezaki et al 69 reported that blockade of pancreatic islet-derived ghrelin can enhance insulin secretion and thereby prevent glucose intolerance in mice fed a HFD.
In human islets, GPR120 activation by ω-3 FA prevents lipid-induced apoptosis and GPR120 knockdown attenuates ω-3 FA-related anti-apoptotic effects. 15 Moreover, in serumstarved STC-1 cells, GPR120 has been implicated in the anti-apoptotic effect of ω-3 FAs via activation of ERK and Akt signaling. Furthermore, induction of ERK and Akt phosphorylation can protect against β-cell apoptosis and increase insulin secretion. 64 Hence, there are some clues suggesting that GPR120 may be involved in the anti-apoptosis effects of ω-3 FAs on β-cells in diabetic islets. Interestingly, it has been reported that β-arrestin-2 has important roles in the regulation of insulin-Akt signaling in the liver and pancreatic islets. 108, 109 The potential mechanism is that β-arrestin-2 is linked to this signaling pathway through scaffolding Akt to 
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Zhang and Leung insulin receptor. 109 If GPR120 stimulation in pancreatic islets could activate Akt signaling so as to protect β-cell function, it may be plausible that β-arrestin-2 also functions as a scaffold protein to recruit Akt.
ω-3 FAs can exert anti-inflammatory and anti-diabetic effects on the pancreas. Using fat-1 transgenic mice, Bellenger et al 110 showed that high levels of endogenous ω-3 FAs can prevent streptozotocin-induced diabetes via inhibition of pro-inflammatory factors (eg, TNF-α, NF-κB, IL-1β, MCP-1, and PGE 2 ) in pancreas. Hence, as a ω-3 FA receptor, GPR120 may be involved in ω-3 FA inhibition of inflammation in pancreatic islets.
Diabetic islets have high levels of activated islet macrophages, leading to inflammation (eg, via NLRP3 inflammasome activation) and release of cytokines (eg, IL-8 and MCP-1). 97, 111 Pancreatic β-cells also ramp up cytokine production under diabetic conditions in a manner that leads to β-cell dysfunction and death. 112 For example, IL-1β-induced production of COX-2 and PGE 2 can impair glucose-stimulated insulin secretion in human and rodent pancreatic islets. 113 Conversely, inhibition of IL-1β-induced NF-κB activation and COX-2/PGE 2 generation could enhance pancreatic islet cell function. 114 Given that GPR120 plays important roles in mediating anti-inflammation in macrophages, 3, [7] [8] [9] it is likely that the anti-diabetic effects of GPR120 may involve anti-inflammatory effects in pancreatic macrophages and β-cells. Figure 3 summarizes the potential mechanism by which GPR120 activation in pancreatic islets exhibits the anti-diabetic effects.
Conclusion and perspective
Although GPR120 acts as a tumor-processing factor in CRC, it may have a positive role in the management of diabetes. GPR120 activation supports metabolic homeostasis by inhibiting inflammation in macrophages and regulating glucose and/or lipid metabolism in adipose, liver, and muscle tissues directly or indirectly. Furthermore, GPR120 stimulation can indirectly promote pancreatic islet function and β-cell proliferation through its modulatory influence on gastrointestinal hormone secretion. Therefore, GPR120 is identified as a potential target for development of anti-diabetic drugs.
Although it is yet unclear whether pancreatic GPR120 regulates islet function, the fact that GPR120 expression is associated with insulin secretion in human islets supports the possibility that GPR120 in the pancreas could be involved in regulating islet function. Given the important roles of GPR120 in the modulation of gastrointestinal hormone secretion, anti-inflammation in macrophages, and anti-apoptosis in enteroendocrine cells and human islets, it is likely that in diabetic islets, GPR120 may promote β-cell survival/ proliferation and islet function through the following activities: anti-apoptotic effects in β-cells, anti-inflammatory effects in islet macrophages and/or β-cells, direct stimulation of β-cell insulin secretion, induction of GLP-1 secretion from pancreatic α-cells, and/or inhibition of pancreatic ghrelin secretion.
